The three human Ras proteins -H-Ras, N-Ras, KRas -function as regulated GDP/GTP molecular switches that control diverse signaling networks important for the regulation of cell proliferation, survival, differentiation, actin organization, vesicular trafficking, and gene expression. Guanine nucleotide exchange factors (GEFs) stimulate the intrinsic GDP/GTP exchange activity of Ras and promote formation of active Ras-GTP, whereas GTPase-activating proteins (GAPs) stimulate the slow intrinsic GTP hydrolysis activity of Ras to promote formation of inactive Ras-GDP (Figure 1) . The structural differences between the GDP-and GTP-bound states of Ras are localized to two regions of the protein, termed switch I (Ras residues 32-38) and switch II (residues 59-67), with the GTP-bound conformation exhibiting increased affinity for downstream effectors.
Eps8-Abi-1 complex, through the Abi-1 SH3 domain, associates with the proline-rich carboxyl terminus of Sos1. Since this proline-rich region of Sos1 coincides with the binding site for the SH3 domains of Grb2, the association of Grb2 and Eps8-Abi-1 with Sos1 is mutually exclusive [9] (Figure 3 ). Sos-Abi-1-Eps8 complexes isolated from cells were active only on Rac, whereas Grb2-Sos complexes possessed exchange activity only toward Ras [10] . The RacGEF activity of the Sos-Abi-1-Eps8 complex was dependent on PI3K binding, via a direct interaction of Abi-1 with the p85 regulatory subunit of PI3K. Finally, recent evidence suggests that epidermal growth factor receptor (EGFR)-mediated activation of Abl and Abl tyrosine phosphorylation of Sos are sufficient for activation of the RacGEF activity of Sos in vitro and in vivo [11] .
As described above, the distinct mechanisms of regulation and activation of Sos may promote temporally and spatially distinct modes of activation of Ras and Rac. Grb2-Sos-dependent activation of Ras downstream of receptor tyrosine kinases was found to occur transiently at the plasma membrane [9] , whereas Rac activation downstream of receptor tyrosine kinases was sustained and occurred at the sites of plasma membrane ruffling.
Interestingly, recent structural studies demonstrated that Ras itself can regulate the RasGEF activity of Sos1 (Figure 3) . Kuriyan, Bar-Sagi and colleagues [12] showed that Ras can bind to a distal, allosteric site in Sos1 upstream of the CDC25 homology domain. Binding of Ras-GDP to this site converted Sos1 to a low level of activity, whereas Ras-GTP binding at this site promoted higher Sos1 activity and faster nucleotide exchange on Ras-GDP bound at the catalytic site [13] . Finally, the DH domain also influences the RasGEF activity of the adjacent CDC25 homology domain. Structural analysis of a fragment of Sos1 comprising the DH, PH, REM, and CDC25 homology domains determined that the DH domain was positioned to prevent Ras association with the allosteric binding site (Figure 3 ). How the negative autoregulatory function of the DH domain is relieved to promote RasGEF activity has not yet been determined.
Similar to Sos, Ras-GRFs also possess tandem REM-CDC25 and DH-PH domains (Figure 2A ). RasGRFs act on Ras as well as R-Ras proteins ( Table 1) . The RasGEF activity of Ras-GRF is stimulated by Ca 2+ -dependent calmodulin association with the IQ motif [14] (Figure 4) . Interestingly, the calcium-stimulated RasGEF activity of Ras-GRF1 appeared to be dependent on intact DH and PH domains in vivo, but not in vitro [15] . In contrast to Grb2-mediated activation of Sos1, Ca 2+ stimulation and calmodulin association with Ras-GRF1 or Ras-GRF2 did not cause increased GEF association with the plasma membrane nor did it alter the intrinsic RasGEF activity of Ras-GRF1. Instead, Ras-GRF1 appears to be constitutively associated with the membrane. In contrast, Ras-GRF2 activation by Ca 2+ was found to correlate with its translocation from the cytosol to the cellular periphery [16] .
Whereas activation of receptor tyrosine kinases utilizes Sos-dependent mechanisms for Ras activation, this activation typically does not involve Ras-GRF. Instead, under physiological conditions Ras-GRF promotes Ras activation downstream of Nmethyl-D-aspartate glutamate ligand-gated ion channel receptors (NMDARs) [17] . Studies in grf1-and grf2-deficient mice revealed that both Ras-GRF1 and Ras-GRF2 function to couple NMDARs to the activation of the Ras/Erk MAP kinase signaling cascade in cortical neurons of adult mice. This involves receptor-stimulated Ca 2+ influx and direct association of the receptor with Ras-GRF1 [18] . Interestingly, in neonatal animals NMDAR signaling to the Ras/Erk cascade appears to be mediated by Sos rather than Ras-GRF [17] .
Similar to Sos, Ras-GRF1 and Ras-GRF2 also possess DH-domain-dependent RacGEF activity [19] [20] [21] . Additionally, distinct mechanisms have been found to preferentially activate the RasGEF and RacGEF activities of Ras-GRF. For example, Gβ βγ γ-mediated activation of Ras-GRF1 stimulated tyrosine phosphorylation-dependent activation of its RacGEF, but not RasGEF, activity [20] . This activation may involve activation of Src and Src-mediated phosphorylation of Ras-GRF1 [21] (Figure 4) , although tyrosine phosphorylation of endogenous Ras-GRF1 in neurons has not yet been shown. In contrast, tyrosine phosphorylation of Ras-GRF1 mediated by the non-receptor tyrosine kinase ACK1 stimulated Two splice variants of RasGRP2 have been described ( Figure 2A ) and their different GEF activities suggest that the spatial and temporal location of RasGRPs may also influence their GTPase specificity. The smaller, 609 residue RasGRP2 isoform 2 (also called CalDAG-GEFI) was found to activate Rap1A but not H-Ras [23] . In contrast, the longer RasGRP2 isoform 1 variant contains an additional 62 amino-terminal residues that include signal sequences for myristoylation and palmitoylation [24] . This lipid-modified form of RasGRP2 is constitutively membraneassociated, and causes activation of Rap1 as well as K-Ras and N-Ras, but not H-Ras. Similarly, although not seen with short-term stimulation, long-term exposure to phorbol ester resulted in RasGRP2 isoform 2 association with the plasma membrane, and a corresponding activation of Ras. Finally, in contrast to the shorter RasGRP2 protein, the longer variant was inhibited, rather than stimulated, by Ca 2+ upregulation. The important influence of differences in subcellular localization is also emphasized by the observation that RasGRP1 (and RasGRP3), but not RasGRP2 (isoform 2), is localized to Golgi and preferentially activates Golgi-localized Ras [34] . Recent studies from a number of labs showed that H-Ras and N-Ras are activated and can signal from not only plasma membrane but also from endomembranes (reviewed in [35] ). The presence of a particular RasGRP isoform on the Golgi may promote selective activation of Ras in that location and lead to a biological outcome distinct from the plasma-membrane-localized Ras [36] .
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The importance of the EF hands in RasGRP is demonstrated by Ca 2+ ionophore treatment and activation of RasGRP activity [23, 24] . Unlike activation of Ras by RasGRP1, the exchange activity of RasGRP2 toward N-Ras was inhibited by Ca 2+ [24] . The role of Ca 2+ in activation of RasGRP3 is less clear [32] : instead, RasGRP3 exchange activity toward Ras is regulated by DAG-mediated activation of PKC and direct phosphorylation of RasGRP3, together with DAG-mediated translocation of RasGRP3 to the plasma membrane [37] [38] [39] . PKC-mediated phosphorylation may also similarly potentiate the RasGEF activity of RasGRP1, but not that of RasGRP4. of Sos1 may also be due, in part, to the greater protein stability of Sos1, since only Sos2 and not Sos1 was found to be degraded by a ubiquitin-dependent process [42] .
RasGEF Isoform Differences and Development
Similar expression and functional differences are seen with other RasGEFs. In mammals, Ras-GRF1 is expressed at high levels in the brain (mainly in the hippocampus), with traces found in other tissues [43] [44] [45] . Ras-GRF2 expression is also high in the brain, but exhibits a less restricted expression distribution [16, 46] . Both Ras-GRF1 and Ras-GRF2 are expressed abundantly in the neurons of the adult central nervous system, but not in surrounding glial cells [47] .
Although Ras-GRF-mediated signaling is dispensable for mouse development, normal neurological function and growth are compromised with the loss of Ras-GRF function. Mice lacking grf1 and grf2 are viable and fertile [45, 48, 49] with grf1-deficient mice exhibiting some defects in long-term memory consolidation and reduced growth hormone levels. Unlike grf1-deficient mice, grf2-deficient mice are not reduced in size [45] . Interestingly, deletion of grf2 in a grf1 null background does not lead to any change in size compared to the grf1 null animals, suggesting a lack of functional overlap between Ras-GRF1 and Ras-GRF2 for this phenotype [45] . In contrast, in the brain both Ras-GRF1 and Ras-GRF2 play a protective role in neurodegeneration associated with stroke, and suppression of NMDAR-mediated Erk activation required the loss of both Ras-GRF genes, suggesting redundant functions in this signaling pathway [17] .
The different RasGRP mRNA transcripts (with the exception of RasGRP4) are found in the same tissues, in particular hematopoietic tissues and the brain, but RasGRPs show distinct expression distribution within these tissues. For example, RasGRP1 expression was seen primarily in T cells, RasGRP2 expression in neutrophils and platelets, and RasGRP3 expression in B cells [50] [51] [52] . In contrast, RasGRP4 expression was seen in mast cells, but not lymphoid or brain cells [26, 27] . This pattern of expression is reflected in the distinct phenotypes of the particular RasGRP-deficient mice. Rasgrp1-deficient animals were viable, but showed impaired T-cell, but not B-cell, development and impaired T-cell receptor stimulated activation of Ras and proliferation [53] . In contrast, platelets from Rasgrp2-deficient mice were severely compromised in integrin-dependent signaling and aggregation, and these animals showed an increased tendency for bleeding [51] . 
Neurofibromin
Neurofibromin is the gene product of NF1, a tumor suppressor gene lost in the autosomal dominantly inherited disorder neurofibromatosis type 1 (NF1) [56] . Affected individuals are prone to the development of benign and malignant tumors. Loss of neurofibromin expression in NF1-associated tumors or Nf1-deficient mouse cells is associated with elevated Ras activity and signaling, and increased cell proliferation. Tumorassociated Ras mutant proteins are also insensitive to neurofibromin-mediated inhibition.
As with p120 RasGAP, the evidence for regulation of neurofibromin-mediated inhibition of normal Ras function is limited. Growth factor stimulation of NIH 3T3 mouse fibroblasts was found to cause a rapid and transient downregulation of neurofibromin protein levels that was dependent on ubiquitin-mediated proteolysis [57] : levels were low or undetectable after 5 min, but restored by 30 min and correlated with changes in Ras-GTP levels. In contrast, Nf1-deficient mouse fibroblasts showed prolonged Ras activation, supporting a role for neurofibromin in attenuating Ras activation after growth factor stimulation. Despite their similar domain architecture, RasGAP family members exhibit different modes of regulation and association with the plasma membrane. GAP1 IP4BP has a constitutive PH-domain-dependent plasma membrane association [58] , possibly mediated by PIP 2 binding [59] , and its Ras GAP activity may be regulated by inositol 1,3,4,5-tetrakisphosphate [60] . In contrast, GAP1 m was not found at the plasma membrane, and instead, showed a distinct, perinuclear and cytoplasmic localization. However, EGF activation of PI3K and production of PIP 3 promoted a PH-domaindependent translocation of GAP1 m to the plasma membrane [61] . Surprisingly, plasma membrane association did not seem to activate the RasGAP function of GAP1 m . By contrast, the third member of this family, CAPRI, is normally cytosolic and inactive, and a G-linked receptor-stimulated increase in Ca 2+ levels causes CAPRI to undergo a rapid, C2-domain-dependent association with the plasma membrane that activates the RasGAP activity of CAPRI, leading to reduced Ras activity [62] . RASAL, the fourth member of the family, also undergoes Ca 2+ -stimulated plasma membrane association but, additionally, oscillates between the plasma membrane and the cytosol in synchrony with simultaneously measured repetitive Ca 2+ spikes [63] . Hence, Ca 2+ regulation controls the activities of RasGAPs as well as RasGEFs. SynGAP, which is expressed primarily in the brain and localizes to glutamatergic synapses, was observed to be positively regulated by phosphorylation by Ca 2+ /calmodulin-dependent kinase II [64] . Finally, the human DOC-2/DAB2 interactive protein (DAB2IP) has been shown to exhibit RasGAP activity in vitro and its gene expression is reduced by DNA methylation in some cancers [65] . As mentioned above, despite their strong sequence and biochemical similarities, distinct biological activities for RalA and RalB have been described. Using RNA interference approaches to selectively suppress RalA or RalB expression, White and colleagues determined that RalB served an important role in cell survival for human tumor cells, but not normal cells [71] . In contrast, RalA was important for the anchorageindependent growth of cancer cells. Furthermore, RalA and RalB exhibited antagonistic roles in cell survival, because the concurrent loss of RalA expression in RalB-deficient cells prevented the apoptotic response that usually arises from a loss of RalB expression. Finally, RalA but not RalB activation was found to be important for Ras-mediated transformation of human embryonic kidney cells, and for the growth of pancreatic and other human cancer cells carrying mutations in Ras [72] . These functional differences between the Ral isoforms may be due, in part, to their differential ability to interact with effectors and, perhaps more importantly, to their distinct subcellular localizations [73] . The same regions of Tiam1 and Ras-GRF1 also interact with spinophilin (also called neurabin II), a scaffold that binds to another Rac effector, p70 S6 kinase. This association promoted Tiam1 localization to the plasma membrane, and enhanced Rac-dependent activation of p70 S6 kinase [98] . Finally, the Tiam1 PH-CC-Ex region has been found to bind yet another Rac and Cdc42 effector, IRSp53 [99] . In this case, Tiam1 served as a scaffold bringing together IRSp53, activated Rac, and WAVE2, to facilitate Racmediated changes in actin organization.
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Conclusions and Perspective
Our understanding of Ras signal transduction continues to undergo remarkable evolution. We now are aware that the three Ras proteins are functionally distinct, due in part to associations with distinct microdomains of the plasma membrane, as well as with endomembrane compartments. The continuing identification of additional regulators and effectors adds to the complexities of Ras signaling. How these components facilitate differences in the spatio-temporal activity of Ras and how they interconnect Ras with other signaling networks will still need to be addressed. Ras protein signaling networks also facilitate functional interactions with many of its relatives in the Ras superfamily, in particular Rho family GTPases, with GEFs being the key mediators of these links. The multiple RasGEFs allow diverse extracellular stimuli to promote Ras activation, and additionally serve as points of signaling convergence and divergence. An emerging concept is that distinct RasGEFs determine the membrane compartments in which Ras becomes activated as well as the effectors or downstream pathways that are utilized [35] . The mechanisms by which GEFs themselves are regulated are diverse and complex. Furthermore, cell-type-specific differences in these regulatory mechanisms are certain to be found. Despite these remarkable advances in the delineation of Ras-mediated signaling, there is no doubt that future studies will reveal further intricacies of Ras signaling networks, with many more players and inter-relationships yet to be discovered.
